Copy number variation (CNV) in the human genome is of vital importance to human health and evolution of our species. However, much of the molecular basis of CNV mutagenesis remains to be elucidated. Considering the DNA replication model of 'fork stalling and template switching' for CNV formation, we hypothesized that replication fork progression could be important for CNV mutagenesis. However, molecular assays of replication fork progression at the genome level are technically challenging. Instead, we conducted an estimation of DNA replication dynamics, as the statistic R, using the readily available data of replication timing. Small R-values can reflect 'slowed' replication, which could result from less fork initiation, reduced fork speed or fork barriers. We generated genome-wide profiles of R in the genomes of human, mouse and Drosophila. Intriguingly, the CNV breakpoints in all three genomes showed significantly biased distributions toward the genomic regions with small R-values, suggesting potential replication stress-induced CNV instability. Notably, among the human CNVs with distinct breakpoint junction characteristics, the homology-mediated and VNTR-mediated CNVs contribute the most to the correlation between CNV instability and the statistic R, consistent with the recent findings in the C. elegans and yeast genomes of repeat-induced DNA replication error and consequent CNV formation. The statistic R may reflect both replication stress and the effect of local genome architecture on fork progression. Our concordant observations suggest an important role for DNA replicative mechanisms in CNV mutagenesis and genome instability.
Introduction mechanisms of CNV formation (6) (7) (8) (9) . In addition to the intriguing contention that environmental factors (e.g. chemical mutagens) can result in DNA replication errors and then trigger CNVassociated diseases (10), we also provided evidence that genome architecture may contribute to CNV instability (11) (12) (13) . Thus, both endogenous genome architecture and exogenous environmental mutagens appear to be operative in CNV mutagenesis and genome instability.
DNA secondary structures and genome architecture, such as cruciforms and G quartets, can be impediments to replication fork progression and cause chromosomal fragility (14, 15) . Many hereditary disorders result from these variable genome architectural features that can disrupt DNA replication and other cellular machineries (16) . Therefore, we wondered whether DNA replication dynamics might be influential in CNV mutagenesis. Strong associations of point mutation frequencies with late replication regions have been observed (17, 18) ; however, the relationships of early/late replication timing to CNV mutation are differential (18) . These observations may reflect the distinct mutational mechanisms between point mutation and CNV, suggesting a potential multi-dimensional contribution of DNA replication to CNV mutagenesis.
Recent reports suggest that dividing the genome into early/ late-replication regions alone does not provide a complete picture regarding DNA replication dynamics (19) . Actually, the early-to-late transitional regions represent DNA segments with blocking of replication fork progression, which can be caused by (i) less fork initiation, (ii) reduced fork speed, or (iii) fork barriers (19) . Notably, slowed replication forks and increased fork stalling have been found to be more frequent in cancer cells with chromosomal instability (CIN) than CIN-negative cells (20) . In addition, experimentally induced replication stress was shown to result in CNV mutations possibly via impairing fork progression (10, 21, 22) . Therefore, we hypothesized that DNA replication dynamics may be associated with the CNV mutation rate.
To better understand DNA replication dynamics and its role in CNV mutation across different species, we propose the statistic R as a surrogate measure of dynamic replication fork progression in the human, mouse and Drosophila genomes. A small R-value is indicative of a reduced rate of DNA replication. It was observed that CNV breakpoints tend to be located in the genomic regions with small R-values. Intriguingly, among the homology-mediated and VNTR-mediated CNVs, CNV breakpoint frequency was found to be correlated with the statistic R, which highlights the recently reported roles of genomic repeats in generating DNA replication errors and consequent CNV mutations (12, (23) (24) (25) . Our findings provide novel insights for the roles of DNA replication in CNV mutagenesis and human health.
Results

An algorithm for investigating DNA replication dynamics
Currently, it is technically challenging to measure DNA replication fork progression at the genome-wide level by molecular assays. For example, the classic method of molecular combing can only be applied to DNA segments of 7-150 kb (26) . Therefore, we developed a statistical method and defined the statistic R to evaluate the replication dynamics at the genome level by utilizing the readily available data of replication timing (see Materials and Methods for more methodological details).
Initially, we converted the replication timing data of human lymphoblastoid cells (18) into a profile of R (Supplementary Material, Table S1 ). The human genome was divided into thousands of 100 kb chromosomal windows for data processing (Fig. 1) . Twenty-kilobase bins were set at both boundaries of each window. The mean value of timing data was calculated for each bin. Then the difference between the mean values of two neighboring bins was counted as '△Timing'. The statistic R = window size/|△Timing|, while the window size is 100 kb for the human genome.
In this study, the window size is chosen based on two key parameters: the size of DNA replicon and the point density of replication timing data. It has been previously reported that the replicon size ranges from 100 to 200 kb in eukaryotes (19) . Large windows (e.g. >200 kb) may cross two or more DNA replicons, which could mix up the states of different replication forks. Therefore, small windows are preferred based on the size of DNA replicon. However, large windows can cover more data points than small windows enabling one to achieve more reliable calculations for R. Therefore, we chose 100 kb windows for the human and mouse genomes, and 50 kb ones for the Drosophila genome.
As illustrated in Figure 1A , based on the R profiles calculated for human lymphoblastoid cells, the human genome is not replicated in a constantly efficient manner. Some DNA segments are fully replicated within a short time (i.e. fast replication), whereas the replications of other segments last for a long time (i.e. slow replication), even across early-to-late replication stages in some instances. Given the differences in DNA replication profile between cell/tissue types (27, 28) , we repeated our analysis using the replication timing data of human embryonic stem cell (ESC) BG02 line (Supplementary Material, Table S2 ) (29) . To investigate DNA replication dynamics in the mouse and Drosophila genomes, we also generated the R profiles for mouse ESCs (D3, 46C and TT2) (30) and Drosophila embryo-derived S2 cell line (31) (Supplementary Material, Tables S3 and S4).
Validation of the statistic R in reflecting DNA replication speed
In a previous work, Hyrien and colleagues (32) studied DNA replication origins and performed a multi-scale analysis of the apparent 'replication speed' in HeLa cells. To investigate the performance of our statistic R in reflecting DNA replication dynamics, we performed a correlation analysis between the replication speed of the Hyrien group (32) and our '△Timing'-associated statistic R. Intriguingly, a strong correlation is observed in support of the contention that our statistic R can accurately reflect DNA replication dynamics (Supplementary Material, Fig. S1 ).
Increased instability of human CNVs in the genomic regions with small R We initially investigated the distribution of human germline CNVs. If different individuals in human populations share common CNVs (i.e. the CNVs with exactly the same size and genomic coordinates), these CNVs might be recurrent from independent mutation events. However, the incidence for recurrent CNV mutation is low. Alternatively, the same CNV shared by different individuals is more likely to be inherited from a common ancestor. Accounting for the common CNVs as independent CNV mutations may potentially lead to over-estimation of the CNV mutation rate. Therefore, we first used the inherited-CNV model and merged common CNVs into single mutational events in our genome-wide analyses (see Materials and Methods).
The first replication profile of R is based on human lymphoblastoid cells (18) . The Wilcoxon rank-sum test was applied to identify any potential biased distributions of CNV breakpoints toward small-R regions (Table 1) . Intriguingly, the first set of human CNV breakpoints, which was previously identified by the comparative genome hybridization (CGH) technology (33) , have a significantly biased distribution (P < 2.2 × 10 −16 ). Since nextgeneration sequencing (NGS) has been developed for the CNV analysis, we did an additional analysis on the NGS-based set of human CNV breakpoints obtained in six previous studies (34) (35) (36) (37) (38) (39) . Consistently, we observed a significantly biased distribution to small-R regions (P = 4.3 × 10 −6 , Table 1 ). Furthermore, we performed independent analyses in the above six sets of NGSbased CNVs, respectively (Supplementary Material, Table S5 ). The majority (4/6) of them still showed statistical significance, while the P-values for the remaining two sets are close to the significance threshold (P < 0.1). Moreover, we repeat the CNV analyses based on the recurrentmutation model (i.e. the common CNVs shared by different individuals are accounted as independent mutations), and our new observations (Supplementary Material, Table S6 ) are consistent with those based on the inherited-CNV model. Therefore, our analyses are robust to the frequency of common CNV in human populations. Our following analyses were performed based on the inherited-CNV model only.
DNA replication timing profiles are partially different between cell types (27, 28) . Therefore, we generated an additional R profile for human BG02 ESC lines (40) to investigate whether our observation of replication-associated CNV instability is robust to cell types. Similarly, we found that both CGH-based and NGS-based sets of human CNV breakpoints showed a significantly biased distribution to small-R regions (the CGH set: P = 1.8 × 10 −11 ; the NGS set: P = 6.0 × 10
) ( Table 1) . Since the DNA replication profile obtained from human lymphoblastoid cells have a better resolution than that of human BG02 ESC lines, we used the former replication profile for further analysis in human CNVs.
Moreover, the correlation between human CNV breakpoint frequency and the statistic R was also studied. The chromosomal windows across the human genome were queued into 20 equal proportions according to their R-values. The CNV breakpoint numbers in each proportion were counted. Notably, a correlation between CNV instability and R was identified in this study. More CNV breakpoints were observed in the genomic proportions with small R ( Fig. 2A and B) . (18) . The blue curve depicts the differences in replication timing (|△Timing|) between two boundaries of each chromosomal window across the investigated segment. A large value of |△Timing| indicates that it takes a long time to accomplish DNA replication in the 100 kb segmented window. Therefore, large values of |△Timing| suggest reduced rates of DNA replication, and vice versa. The black square indicates the location of two 100 kb windows that are illustrated in Column B. (B) The mean value of replication timing data is calculated in each 20 kb bin at window boundary. Then △Timing is obtained to be the difference in mean value between two boundary bins for each chromosomal window. Our proposed statistic R = window size (in kb)/|△Timing|.
The correlation between CNV instability and R is also observed in the mouse genome
After observing the consistent correlations of CNV instability with the R profiles of different human cells, we investigated whether this phenomenon is conserved between different species. The mouse germline CNV data were obtained from previous studies (41) (42) (43) (44) . The replication timing data of three mouse ESC cell lines (D3, 46C and TT2) were, respectively, used in this study for calculating R. We showed that the R-values of the mouse CNV regions were significantly lower than the whole genome level (Table 1 , P = 3.1 × 10 −8 for D3). Moreover, the results are robust to different replication profiles of the mouse genome (Table 1 , P = 4.7 × 10 −9 for 46C, and P = 8.5 × 10 −5 for TT2). The correlations between mouse CNV instability and R are shown in Figure 2C and Supplementary Material, Figure S2 .
In vitro evidence of somatic CNVs in cell culture supports replication-associated CNV instability
We also took advantage of in vitro experimental data to further our exploration of DNA replication dynamics and CNV mutagenesis. The replication timing data from the Drosophila embryo-derived S2 cell line were available (31) . Fortunately, the somatic CNVs occurred during Drosophila S2 cell cultures have also been previously investigated and identified by comparing the DNAs of the w 1118 embryo and its derived S2 cell lines (45) . These data make it feasible to further test our hypothesis of replication-associated CNV instability using in vitro evidence for the CNV mutations and replication profile obtained from exactly the same cell line. In this study, we found that the somatic CNVs in S2 cultures have a biased distribution to small-R regions (Table 1) . Notably, despite the relatively small sample number (N = 212) of CNV breakpoints, their biased distribution was highly significant (P = 2.9 × 10 and 5.3 × 10 −7 for three experimental replicates, respectively).
The evidence of somatic CNVs in the Drosophila S2 cell line also revealed a correlation between CNV breakpoints and the statistic R ( Fig. 2D and Supplementary Material, Fig. S3 ).
Homology/VNTR-mediated CNVs contribute to replication-associated CNV instability
CNVs can be generated by various molecular mechanisms (e.g. non-homologous end joining, NHEJ) (8). Therefore, we wondered whether the CNVs generated by distinct molecular mechanisms could make different contributions to the replication-associated CNV instability. Since CNV breakpoint junctions may reflect mutational mechanisms (8), we re-analyzed the CNV breakpoints of two previous studies (33, 39) , whose junction characteristics were comprehensively studied and classified. In Conrad et al. (33) , CNV formation mediated by recombination between interspersed duplicated sequences by non-allelic homologous recombination (NAHR), or corresponding to tandem arrays of variable number of tandem repeats (VNTR), has been identified at the resolution afforded in experiments by analyses of local sequence homology. These 'NAHR' events include CNVs with at least 20 bp of perfect match homology. Similarly, Mills et al. (39) categorized the CNVs mediated by homologies of >50 bp and >85% identity into the 'NAHR' type. However, the minimal efficient processing segment of 300-500 bp in length appears to be a length that is necessary for NAHR to take place in human meiosis (46) . The CNVs bound by homologies of between 20 and 300 bp are not readily generated by NAHR. Therefore, we interpreted these 'NAHR' events as homology-mediated CNVs in this study. In Mills et al. (39) , two additional CNV subgroups of mobile element insertions (MEI) and non-homology events were also defined. We first examined the homology-mediated and VNTRmediated CNVs of Conrad et al. (33) . The R-values of the CNV breakpoints in both subgroups were significantly smaller than the whole genome level (Table 2) . Similar analysis was conducted in the four CNV subgroups (homology, VNTR, MEI and nonhomology) of Mills et al. (39) . Intriguingly, the R-values in the regions of homology-mediated and VNTR-mediated CNVs are also significantly smaller than the whole genome level (Table 2) . Remarkably, no significantly biased distribution was observed for MEI and non-homology CNVs (Table 2) .
Furthermore, the potential correlation between CNV instability and R was investigated within the four subgroups with different molecular mechanisms of human CNV subgroups, respectively (39) (Fig. 3) . Intriguingly, a correlation of R with CNV breakpoint frequency was observed for the homologymediated and VNTR-mediated CNVs, suggesting an important role for homology/VNTR-mediated CNVs in genome instability associated with reduced rates of DNA replication. Notably, no obvious correlation was found for MEI and non-homology CNVs (Fig. 3) . This table showed the results based on the inherited-CNV model, which merged any common CNVs in populations as a single mutation event.
*The potential biased distributions were examined by the Wilcoxon rank-sum test. The significance was shown in bold. † The further exact P-value cannot be provided due to the limitation of our statistical tool.
Discussion
Replication-associated CNV instability
Our observations highlight novel insights into the role of DNA replication in CNV mutagenesis. We found significant associations of CNV breakpoint numbers with small R-values (Tables 1 and 2) , which is independent of CNV sizes (Supplementary Material, Fig. S4 ). Notably, these observations were consistent among the different species studied: human, mouse and Drosophila. While the window size for genome-wide R profiling was reasonably applied using one specific value (100 kb for human and mouse, and 50 kb for Drosophila), we chose to also investigate whether our observations are robust to window sizes. Both larger window sizes (200 kb for human and mouse, and 100 kb for Drosophila) and smaller sizes (50 kb for human and mouse, and 25 kb for Drosophila) were used. The ratio of bin size to window size was fixed at 1:5 (Fig. 1) . In the case of larger windows, the replication-associated CNV instability is still obvious in all three genomes (Supplementary Material, Table S7 ). Based on the smaller windows, the results from the human and Drosophila genomes are still significant; however, they do not reach significance for the mouse genome (Supplementary Material, Table S7 ). Notably, the resolution of mouse replication timing data is lower than those of human and Drosophila. Therefore, the small window size of 50 kb dramatically reduced the sample size of the qualified windows, which consequently failed to reach statistical significance. In summary, our observations are generally robust to window size. Despite the high conservation of DNA replication profiles between tissues, cell-type-specific replication patterns do exist (40) . Thus, the potential role of DNA replication dynamics in germline CNV mutation should be ideally studied using the replication profiles of germline cells. However, such an experimental design is technically challenging due to the limited availability of germ cells and the difficulty of in vitro culture before getting enough cells for DNA replication assays. Instead, we used the replication data available for different species and cell types, such as lymphoblastoid cells and ESCs in humans. Our observations were mainly consistent among cell types and species. Furthermore, we employed the replication profile in Drosophila S2 cell cultures and investigated its effect on somatic CNVs in the same cell lines (i.e. the data of CNVs and DNA replication dynamics match perfectly). Our analysis using only 212 somatic CNV breakpoints reached statistical significance to support the replicationassociated CNV instability (Table 1) .
Diverse effects of DNA replication on the CNVs with different breakpoint characteristics
Various junction characteristics have been found at CNV breakpoints, which may reflect the molecular mechanisms underlying CNV formation (1, 8) . A portion of human CNV breakpoints were previously investigated (33, 39) . We categorized them into homology, non-homology, VNTR and MEI-mediated CNVs (Table 2 ). Therefore, divergent effects of DNA replication dynamics on these four groups of CNVs were hypothesized. First, we examined the CNVs mediated by homologies. On one hand, long homologies such as those of >300 bp in length (46) have generally been known to facilitate NAHR, a molecular process distinct from DNA replicative mechanisms (8) . However, other evidence reveals that long homologies can also impair DNA replication and prompt CNVs (21), or alternatively help restart stalled replication forks by homologous recombination and template exchange before generating CNVs (24, 25, 47) . On the other hand, short homologies do not meet the apparent requirement for 300-500 bp of a minimal efficient processing segment needed for NAHR to take place (46) . Instead, these short homologies can be involved in mechanisms such as homology-directed break-induced replication (48, 49) . Intriguingly, our recent findings showed that short homologies can induce DNA replication errors and generate CNVs in the human genome (12) . In this study, the human CNVs mediated by homologies of at least 20 bp (33, 39) suggest the correlation between CNV instability and the statistic R (Table 2 and Fig. 3A) , supporting the roles of homologies in inducing replication-associated CNV instability. Second, the CNVs generated in non-homology events can be sub-categorized into the CNVs with or without microhomology breakpoints (39) . The CNVs without microhomology have been attributed to DNA repair events mediated by NHEJ, while those with microhomology can be alternatively explained by either NHEJ or DNA replicative mechanisms (1, 50) . Therefore, the current nonhomology group could be a mixture of the CNVs mediated by DNA replicative error and those by other mechanisms. To further investigate the potential contribution of replication dynamics in human non-homology CNVs (39), we sub-divided the CNVs of the classic size cut-off (≥1 kb) into two sets: microhomologies of ≥2 bp (6) and the remaining with microhomologies = 0/1 bp. The breakpoint distributions of the CNVs in genomic proportions with variable R-values are illustrated in Supplementary Material, Figure S5 . Interestingly, only the CNVs with microhomologies ≥2 bp show an inclination to small-R regions, which possibly reflects the contribution of DNA replication mechanisms in microhomology-mediated mutations.
Third, the VNTR-associated CNVs can be generated by DNA replication slippage (8) ; therefore, their association with DNA replication is hypothesized. In this study, an obvious correlation is observed between VNTR-associated CNV instability and the Rvalues (Table 2 and Fig. 3B) .
Fourth, no evidence has been shown to suggest the involvement of replication fork progression in MEI. Consistently, no correlation of MEI-mediated CNVs with R was found in this study (Table 2 and Fig. 3C ).
The statistic R reflects DNA replication dynamics Our proposed statistic R could potentially reflect the dynamics of fork progression, including fork initiation, speed and stalling. Less fork firing or slowed/stalled forks will cost additional time to accomplish DNA replication in a certain DNA segment, consequently reducing the R-value. Notably, previous experimental evidence has shown that slowing, stalled, collapsed and broken forks contribute greatly to CNV mutagenesis via DNA replicative mechanisms (24, 51) . In addition, small R-values may also correspond to poor fork firing and initiation, where flanking forks must travel long distances to accomplish replication (19) . During that process, increased replication stress, such as reduced activity of DNA polymerases (21) , can affect these long-travelling forks that have to traverse larger genomic segments.
In this study, we compared our statistic R with the replication speed data obtained in a previous study (32) , and found a strong correlation between R and replication speed (Supplementary Materials, Fig. S1 ). We also investigated the effect of genomic GC contents on our statistic R. For convenient data processing, 1/R is used for the Y-axis in Supplementary Material, Figure S6 . In the regions with low GC contents (e.g. <36%), the corresponding large R-values suggest that DNA replication in high-GC regions is relatively more difficult than that occurring through low-GC regions. Therefore, our proposed statistic R can be a useful surrogate with which one can study a cell's constitutive replication stress and reveal its contribution to the CNV landscape genome-wide.
DNA replication dynamics provides new insights into repeat-induced CNVs
Segmental duplications (SD) are long genomic repeats in the human genome (52) . Our previous study showed that SD is associated with CNV hotspots (5) . Here, we also investigated the relationship between the statistic R and SD. Our results showed that the R-values for the regions with high SD coverage (e.g. >21%) were significantly larger than the genome-wide level, suggesting that SD can interfere with DNA replication (Supplementary Materials, Fig. S7 ).
In this study, we revealed the relationship among CNV mutagenesis, DNA replication dynamics (represented by R) and genomic repeats. Our observations, together with the previous molecular evidence in the C. elegans and yeast genomes (23, 24) , suggest the involvement of DNA replicative mechanisms in repeat-induced genomic instability and the consequent CNV formation.
Because of the availability of high-resolution data of DNA replication timing in various species, we can conduct further bioinformatic analyses and generated genome-wide profiles for the statistic R. Our observations across species revealed a correlation of reduced replication rate with increased genome instability at CNV loci, especially those mediated by genomic repeats. Our findings suggest that DNA replication dynamics represented by the statistic R may reflect both replication stress and the effect of local genome architecture on CNV mutagenesis.
Materials and Methods
Replication timing data accession
We used the previously generated data for DNA replication timing in human lymphoblastoid cells (18) and ESCs (29) to further investigate their replication dynamics in this study. Among the several ESC lines (BG01, BG02 and H1) with available data of DNA replication timing (29) , BG02 was employed in this study due to its high robustness between experimental replicates. The replication timing data of human BG02 ESC and mouse ESCs (D3, 46C and TT2) were obtained from the ReplicationDomain database (53) . The replication timing data of Drosophila embryo-derived S2 cell line were obtained from the modENCODE project (31) .
CNV data for human, mouse and Drosophila
We used two data sets of human germline CNVs. The one includes the CNVs identified in human populations using the CGH technology (33) ; the other includes the human CNVs identified by the NGS methods (34) (35) (36) (37) (38) (39) . As for the common CNVs with identical sizes and breakpoint coordinates, we merge them based on the likely hypothesis of inherited CNV. Also, the alternative model of recurrent CNV has also been tested. The data of mouse germline CNVs were obtained from four independent studies (41) (42) (43) (44) . The de novo somatic CNVs generated in the cultured Drosophila S2 cell line were obtained from the modENCODE project (45) . For further analysis in this study, the human genome reference was aligned to hg18, the mouse genome reference was aligned to mm8 and the Drosophila genome reference was aligned to dm3. All genome conversions were conducted using the LiftOver tool of UCSC Genome Browser.
Calculation of the statistic R and CNV mapping
The replication timing data used in this study were previously generated by different technical platforms and therefore with distinct density. The R-value was investigated as follows. The genomes were divided into chromosomal windows of a fixed size. The window sizes for the human and mouse genomes are 100 kb. Twenty-kilobase bins were adopted at two boundaries of each 100-kb window, and the mean value of replication timing was calculated for each bin. The difference in mean value between two neighboring bins was accounted as '△Timing'. Due to high density of the Drosophila replication timing data used in this study, the window size for Drosophila was adjusted to 50 kb. Accordingly, its bin size was adjusted to 10 kb. To improve data reliability, at least two data points per bin were required to accurately calculate △Timing for each window. According to the equation that R = window size (in kb)/|△Timing|, the R-value was obtained for each qualified window to investigate genome-wide replication dynamics.
CNV breakpoint distributions and statistical analysis
According to the R-value, all the chromosomal windows were queued into 20 equal proportions for the human, mouse and Drosophila genomes, respectively. The CNV breakpoint frequencies were counted for each proportion. In order to identify any potential correlation between R and CNV instability, the Wilcoxon rank-sum test was applied to compare the significant differences between the R-values in the chromosomal windows with CNV breakpoints and those for the whole genomes. The mean values of R for these two groups of windows were calculated, respectively, for comparison.
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